Introduction
============

Deaths in the neonatal period, that is, the first 28 days of life, account for about 40% of all deaths in children younger than 5 years.^[@bib1]^ Achieving Millennium Development Goal 4, which stipulates a reduction of two thirds in deaths in children under 5 years of age by 2015,^[@bib2]^ would therefore require a substantial reduction in the neonatal mortality rate (NMR).

Of the 3.1 million neonatal deaths that occur globally every year, infections account for about 30%.^[@bib1]^ In settings with high-mortality rates, the proportion due to infections is even greater.^[@bib3]^ Such high-infection-related death rates make it imperative to identify simple and cost-effective interventions that can be implemented in different settings across the globe.^[@bib4]^ Use of topical antiseptics is one intervention that could reduce the incidence of infections by preventing or reducing the bacterial colonization of the skin or umbilical cord in neonates.

Of the different antiseptics available, chlorhexidine is the most studied agent in newborn infants. Research has shown a significant reduction in the rates of bacterial colonization of the umbilical cord after chlorhexidine application(s).^[@bib5],\ [@bib6]^ However, the effect of chlorhexidine application on the rates of omphalitis or systemic sepsis is less clear. A Cochrane review on topical antiseptics for umbilical cord care, which included one study on chlorhexidine application, did not find any benefit.^[@bib7]^ In the absence of evidence for the efficacy of chlorhexidine or other topical antiseptics, the World Health Organization currently advocates dry cord care for infants born in developing countries.^[@bib8]^

New evidence from randomized controlled trials (RCTs) conducted in Bangladesh, Nepal and Pakistan has been published in the last few years.^[@bib9],\ [@bib10],\ [@bib11]^ A recent systematic review including these studies concluded that cord chlorhexidine application reduced neonatal mortality by 17% (pooled relative risk (RR): 0.83; 95% confidence interval (CI) 0.74 to 0.94).^[@bib12]^ However, the review had major limitations^[@bib13]^---first, the included cluster RCTs analyzed the data of only those infants who were seen by the investigators in the first 7 to 10 days of life and therefore did not report the results of intention-to-treat (ITT) analysis. Second, the reviewers failed to adjust for 'design effect\', an important consideration given that all three studies were cluster RCTs. A recent Cochrane review also reported that cord chlorhexidine reduces neonatal mortality by 23% (RR 0.73; 95% CI 0.63 to 0.94) and omphalitis by 27--56%, depending upon the severity.^[@bib14]^ The review also failed to address the issue of post-randomization exclusion of some neonates in the three community-based cluster trials. More recently, a hospital-based study from India was published.^[@bib15],\ [@bib16]^

Considering these limitations as well as the potential public health importance of emerging evidence on umbilical cord care, we conducted a systematic review to evaluate the effect of topical application of chlorhexidine to the umbilical cord on NMR and the incidence of systemic sepsis and omphalitis in the neonatal period to provide updated evidence for policy makers and other stakeholders.

Methods
=======

Types of studies
----------------

We included all RCTs, including cluster randomized trials and quasi-RCTs, which compared topical application of chlorhexidine with the umbilical cord with dry cord or 'usual\' cord care practices in this review.

Types of participants
---------------------

All studies that enrolled infants in the first 28 days of life at either health facilities or in the community were eligible for inclusion in the review.

Types of interventions
----------------------

Studies that compared the effect of single or multiple applications of chlorhexidine to the umbilical cord with dry cord care or the 'usual\' cord care practices were included in the review. We excluded studies that compared application of chlorhexidine with that of other topical antiseptics as well as the studies that used chlorhexidine in combination with another antiseptic such as alcohol or iodine.

Outcome measures and their definitions
--------------------------------------

Our primary outcome variable was the NMR, defined as the number of deaths in the first 28 days of life per 1000 live births. Our secondary outcome variables were the incidences of systemic sepsis, omphalitis and adverse neurodevelopmental outcomes, and the time to separation of the umbilical cord. Systemic sepsis was defined as the presence of clinical features of sepsis/meningitis with or without isolation of organisms from an otherwise sterile site and laboratory parameters suggestive of sepsis (such as decreased total white cell or absolute neutrophil count, positive C-reactive protein and so on). Omphalitis was defined as the presence of redness or swelling, with or without pus, in the skin surrounding the umbilical cord stump. Adverse neurodevelopmental outcome was defined as the presence of cerebral palsy or moderate to severe developmental delay as assessed by performance in formal neurodevelopmental testing at 18 to 24 months of age.

Search methods for identification of studies
--------------------------------------------

We initially searched the electronic bibliographic databases including MEDLINE, Embase, Cochrane CENTRAL, Web of Science, CINAHL, WHOLIS and the clinical trials website ([www.clinicaltrials.gov](http://www.clinicaltrials.gov)) up to April 2012. We used the following terms for searching MEDLINE: ('chlorhexidine\' (MeSH Terms) OR 'chlorhexidine\' (All Fields)) AND (('infant, newborn\' (MeSH Terms) OR ('infant\' (All Fields) AND 'newborn\' (All Fields)) OR 'newborn infant\' (All Fields) OR 'neonates\' (All Fields)). Similar terms were used for searching the other databases. No language restrictions were applied. We later updated the search to December 2014. However, due to practical reasons we could only carry out the update in MEDLINE, Cochrane CENTRAL and the clinical trials website.

We scanned the title and abstract of the retrieved citations to exclude those that were obviously irrelevant. We retrieved the full text of the remaining studies to identify relevant articles.

Data extraction and management
------------------------------

Data extraction was carried out using a form designed and pilot tested by the authors. Three authors (MJS, AC and AR) independently extracted the study setting, study intervention, practices in the control group, sample size, randomization procedure, risk of bias and the outcomes of interest. For categorical outcomes, we extracted the total number of participants for each group, the number of participants experiencing an event, and the adjusted RR and its 95% CI. In factorial trials and in multi-arm studies with two or more intervention groups and a single control group, we combined all relevant experimental intervention groups of the study into a single group and all relevant control intervention groups into a single control group to create a single pair-wise comparison. This approach, recommended by the Cochrane handbook, prevents unit-of-analysis error.^[@bib17]^ For the continuous outcome, mean, s.d. and total number of participants in each group were extracted.

Quality assessment of the randomized trials was undertaken using the standard criteria of allocation concealment, blinding and completeness of follow-up (classified as yes, no or unclear). Disagreements between the authors were resolved by consensus as well as discussion with the senior author (VKP).

Subgroup and sensitivity analysis
---------------------------------

We examined the effect of chlorhexidine application to the cord on the primary outcome in the following sub-groups: RCTs vs quasi-randomized studiesHome vs facility birthsHigh-NMR (⩾30 per 1000 live births) vs lower NMR (\<30 per 1000 live births) settingInfants receiving unhygienic cord care practices vs those who received dry cord careSingle vs multiple applicationsLow birth weight vs normal birth weight.

Statistical analysis
--------------------

Data entry and meta-analysis were performed with user-written programs on Stata 11.2 software (Stata Corp, College Station, TX, USA). Pooled estimates of the outcome measures were calculated from the RRs and 95% CIs/standard error of the individual studies by the generic inverse variance method with the user-written 'metan\' command in Stata.^[@bib18]^ In a hierarchical pattern, we gave preference to the adjusted RR obtained by the study authors in the ITT analysis. When trials did not provide the result of ITT analysis, we reconstructed it using the relevant data from the trial flow of the individual studies. For cluster RCTs, the RR and 95% CI obtained by this method were adjusted for the cluster design using a design effect inflation of standard error.^[@bib19]^ We used the design effect provided in the studies for this adjustment. For one study that did not provide the design effect,^[@bib11]^ we estimated it by permutation, that is, by using different effect sizes and then selecting the one which, when used to inflate the standard error, provided the same RR and 95% CI as that mentioned in the study results. If the relevant data were not available to reconstruct the ITT, we used the adjusted RRs or mean differences provided in the study to calculate the pooled result.

We computed the pooled estimates by using both fixed effects (FE) and random effects (RE) model assumptions and expressed them in an exponential form. The heterogeneity between the studies was quantified by using a measure of the degree of inconsistency in their results (*I*^2^ statistic). We carried out sensitivity and subgroup analyses for the primary outcome---NMR---by disaggregating results with the user-written 'metan\' command ('by option\') in Stata software.^[@bib18]^ We also evaluated the presence of publication bias in the extracted data for the primary outcome using funnel plots.^[@bib19]^

Results
=======

We retrieved 666 citations, of which 630 were excluded after screening the title and abstract. Of the remaining 36 studies, six were found to be eligible for inclusion in the review ([Figure 1](#fig1){ref-type="fig"}).^[@bib9],\ [@bib10],\ [@bib11],\ [@bib16],\ [@bib20],\ [@bib21]^

[Table 1](#tbl1){ref-type="table"} summarizes the characteristics of the included studies. Four were cluster RCTs conducted in community settings in South Asia (*n*=3)^[@bib9],\ [@bib10],\ [@bib11]^ or Africa (*n*=1).^[@bib21]^ The studies from South Asia included mostly home births; the predominant place of delivery is not known for the study from Africa (available only in abstract form).^[@bib22]^ The remaining two studies were conducted in hospital settings, one each in a developed (Germany)^[@bib20]^ and developing country (India).^[@bib15],\ [@bib16],\ [@bib20]^ The four community trials used 4% chlorhexidine solution whereas the hospital-based trials evaluated the efficacy of chlorhexidine dry powder^[@bib20]^ or 2.5% chlorhexidine solution.^[@bib16]^ One cluster RCT compared the effect of single as well as multiple applications of chlorhexidine with dry cord care;^[@bib10]^ the remaining studies evaluated only multiple applications of chlorhexidine ([Table 1](#tbl1){ref-type="table"}).^[@bib9],\ [@bib11],\ [@bib16],\ [@bib20],\ [@bib21]^

[Table 2](#tbl2){ref-type="table"} shows the risk of bias in the included studies. The outcome assessors were not blinded to the intervention in all but one of the studies. The risk of measurement bias appears low given the objective nature of the primary outcome (NMR); the same is not true for other outcomes. None of the three cluster RCTs, for which complete information was available, reported the results of ITT analysis. The attrition bias was also high (\>10%) in two of these studies.^[@bib10],\ [@bib11]^ One of the hospital-based studies had methodological limitations in both follow-up and analysis ([Table 2](#tbl2){ref-type="table"}).^[@bib20]^

Primary outcome; NMR
--------------------

Of the six studies, only four---the three cluster RCTs and one hospital-based trial from South Asia---provided data on NMR. All four studies were conducted in high-NMR settings (the range in the control groups was 34 per 1000 live births to 57 per 1000 live births). Two studies also reported a high prevalence of unhygienic cord care practices, ranging from 54 to 90% ([Table 1](#tbl1){ref-type="table"}). The three community trials enrolled predominantly home births (92 to 100%). All three studies provided data for only those infants who received the intervention---either partially or fully---and not for all infants who were in the randomized clusters. For the purpose of this review, we used the data of all infants in the randomized clusters, irrespective of whether they received the intervention, so as to reconstruct the ITT analysis.^[@bib23]^ [Table 3](#tbl3){ref-type="table"} depicts the data from the individual studies that were used in the present review.^[@bib9],\ [@bib10],\ [@bib11]^

We observed substantial heterogeneity upon pooling the results of the three studies (*I*^2^=67.9% [Figure 2](#fig2){ref-type="fig"}). Pooled analysis by FE model showed a significant reduction in NMR in the intervention group (RR 0.85; 95% CI 0.76 to 0.95) whereas that by the RE model did not show any significant benefit (RR 0.78; 95% CI 0.61 to 1.0; [Figure 2](#fig2){ref-type="fig"}). The number needed to treat based on the average control risk (3.5%) was 200 (95% CI 125 to 500). As the number of studies was small, we did not produce a funnel plot to examine the presence of publication bias.

Subgroup analysis
-----------------

### Single vs multiple applications

Similar to the overall results, pooled analysis of the three studies that compared multiple chlorhexidine applications with dry cord care showed a significant difference in NMR by the FE model (RR 0.88; 95% CI 0.78 to 0.99) but not in the RE model (RR 0.79; 95% CI 0.59 to 1.06). There was substantial heterogeneity between the results of the individual studies (*I*^2^=74.2%). The only study that evaluated a single chlorhexidine application did not show any significant reduction in the mortality rate of all randomized infants (RR 0.86; 95% CI 0.73 to 1.02).^[@bib10]^

### Low birth weight vs normal birth weight infants

None of the included studies provided information on the NMRs of low birth weight compared with normal birth weight infants. One study provided the birth weight-specific mortality rates of infants who were seen by the study team in the first 7 to 10 days.^[@bib10]^ There was no difference in mortality rates between the single/multiple chlorhexidine application(s) and the dry cord care groups in either low birth weight (RR 0.94; 95% CI 0.75 to 1.18) or normal birth weight infants (RR 0.90; 95% CI 0.62 to 1.32).

### Facility versus home births

A hospital-based study from India did not find any effect on NMR following cord chlorhexidine application (RR 0.11; 95% CI 0.01 to 2.03). No information was available on the mortality rates of infants born at home compared with those born in health facilities in the community-based trials. However, the proportion of facility births in these studies was very small (0 to 8%).^[@bib9],\ [@bib10],\ [@bib11]^

### Low-NMR (\<30 per 1000 live births) vs high-NMR (⩾30 per 1000 live births) settings

We could not examine the effect sizes in the low-NMR and high-NMR settings separately as all the studies were conducted in high-NMR settings (the NMR of the control group being ⩾30 per 1000 live births).

### Unhygienic cord care practices vs dry cord care

We did not have enough information on the RRs of neonatal mortality in the sub-groups of infants receiving unhygienic cord care practices or dry cord care.

Secondary outcomes
------------------

### Incidence of systemic sepsis

Only the hospital-based study from India reported this outcome. There was no significant reduction in the incidence of any sepsis, that is, culture positive or culture negative (RR 0.67; 95% CI 0.35 to 1.28). Interestingly, the authors reported a significantly lower incidence of culture-positive sepsis in the chlorhexidine group (2.8% vs 21.4% RR 0.13; 95% CI 0.03 to 0.56).^[@bib15]^

### Omphalitis

Five studies reported the incidence of omphalitis.^[@bib9],\ [@bib10],\ [@bib11],\ [@bib15],\ [@bib20]^ None of the three cluster RCTs stated the results of ITT analysis. As we did not have the complete data to reconstruct the ITT analysis for omphalitis, we used the RRs provided in the study results (non-ITT analysis). Pooled analysis of four studies revealed a significant reduction in the incidence of omphalitis by both FE and RE models in infants who received the intervention (RR 0.71; CI 0.62 to 0.81 and 0.70; 0.61 to 0.82, respectively; [Figure 3](#fig3){ref-type="fig"}). The fifth study from India did not find any cases of omphalitis in either of the two groups.^[@bib15]^

### Time to cord separation

All six studies reported the time to cord separation in enrolled infants. Pooled analysis of four studies showed a prolongation in time to cord separation by 2.11 days (95% CI 2.07 to 2.15) and 1.44 days (95% CI 0.51 to 2.37) using FE and RE models, respectively ([Figure 4](#fig4){ref-type="fig"}). There was considerable heterogeneity in this outcome (*I*^2^=99.6%) with one study reporting shorter time to separation of cord in the chlorhexidine arm,^[@bib16]^ while all the others reported delayed separation.^[@bib10],\ [@bib22],\ [@bib24]^ Information from two studies could not be used in the pooled analysis because of incomplete data. The hospital-based trial from Germany found a significant delay in separation of the cord in the intervention group, the mean difference being 18.9 h (95% CI not provided).^[@bib20]^ In contrast, the factorial RCT from Pakistan reported no difference in time to separation of the cord between the groups (mean time of separation ranged from 5.9 to 6.2 days in all four groups).^[@bib11]^

### Adverse neurodevelopmental outcomes

None of the studies reported this outcome.

Discussion
==========

Given the limitations of the two recently published systematic reviews^[@bib12],\ [@bib14]^ (see Introduction section), the findings of the present review assume great importance for both health professionals and policy makers. Pooled analysis by the FE model revealed significant reductions in the NMR following chlorhexidine application to the cord. However, the pooled estimate by RE model did not yield a significant result. The discrepancy between the two estimates was due to the substantial heterogeneity observed between the included studies (*I*^2^=69.2%). We did not observe any evidence of major clinical heterogeneity such as differences in the study setting, population, intervention or in the outcome variable between the three community-based studies that contributed to \>99% of weight in the pooled analysis. The statistical heterogeneity that led to the discrepancy is also due to the difference in the magnitude rather than in the direction of the effect sizes of the individual studies ([Figure 2](#fig2){ref-type="fig"}). Given these considerations, as well as the fact that the RE estimate does not reflect the actual effect in any particular population being studied,^[@bib25]^ pooled RR by the FE model may be considered as the best estimate of the 'real\' effect. Accordingly, cord chlorhexidine application might be expected to reduce the NMR by about 15% (RR 0.85; 95% CI 0.76 to 0.95) in infants born in settings that are comparable to the study settings. The intervention was also found to reduce the incidence of omphalitis by almost 30% ([Figure 3](#fig3){ref-type="fig"}).

Do these beneficial effects following chlorhexidine application warrant a change in the current recommendation on cord care in neonates? The question was answered by Osrin and Hill^[@bib26]^ in their editorial on chlorhexidine cord cleansing---'....if the need is clear, the possibilities attractive, and the risk low, how much evidence is necessary before we act on plausible findings?\'. However, this would mean a paradigm shift from the existing policy of dry cord care to routine application of chlorhexidine in infants born in any setting across the globe. Also, it would have huge implications in terms of costs and manpower required for delivery of the intervention, particularly in developing country settings.

The currently available evidence has three major pitfalls. First, the generalizability of the results is low. The three community trials from South Asia, which contributed to almost the entire weight in the pooled analysis, were conducted in settings that had high NMR (⩾30 per 1000 live births in the control group) and uniformly low rates of institutional births. Two of the studies reported a high prevalence of unhygienic cord care practices such as application of oil, ash and so on.^[@bib9],\ [@bib11]^ Interestingly, these studies showed a significant effect on both NMR and omphalitis,^[@bib9],\ [@bib11]^ while the third study that reported a low prevalence (\<7%) of these practices did not show any benefit in either of these outcomes ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}).^[@bib10]^ The fourth study, a hospital-based trial from India with possibly low rates of unhygienic cord care practices, also had a high baseline NMR in the control arm (57.1 per 1000 live births).^[@bib16]^ This study did not find any significant benefit in the risk of mortality or omphalitis but showed a reduction in the incidence of culture-positive sepsis. Clearly, the results from these high-risk settings cannot be generalized to settings with low NMR or with high rates of institutional births.

Second, the magnitude of reduction in NMR after the intervention was only modest, at about 15% ([Figure 2](#fig2){ref-type="fig"}). This is likely to be an overestimate of the 'real\' effect as we could adjust the effect sizes of the individual studies for only the cluster design and not for other potential confounders. In contrast, the reported results of non-ITT analysis of the cluster RCTs showed much higher benefit, the estimated reduction ranging from 20% to 38% (except for the multiple applications group in one study that showed no significant effect).^[@bib10]^ Not surprisingly, the Cochrane review that included these trials also found a 23% reduction in NMR with chlorhexidine application.^[@bib14]^ This discrepancy is due to the different methods of analysis used in the current review compared with the individual studies. Although we used the data of all infants in the randomized clusters, the study investigators analyzed the data of only those infants who were seen by the study team in the first 7 to 10 days^[@bib9],\ [@bib10]^ and/or born at home and consented to participate in the study.^[@bib11]^ The latter approach, also adopted by the authors of two systematic reviews,^[@bib12],\ [@bib14]^ has major flaws. First, it is not a true ITT analysis as many infants were excluded after randomization. In a cluster RCT, all the infants born in the randomized clusters are considered study subjects, irrespective of whether they received the intervention or not. The outcomes of all these infants should be taken into account in the ITT analysis.^[@bib27],\ [@bib28]^ Inclusion of all enrolled infants would reduce the risk of selection bias. In contrast with the approach adopted by the study investigators, one cannot reliably exclude the risk of differential recruitment between the groups. Second, analysis methods used by the study authors spuriously inflate the magnitude of reduction in neonatal mortality by excluding the deaths that occurred before the visit of the study team. Although deaths in the first few days of life are most often due to perinatal asphyxia and prematurity, the deaths that occur later are caused predominantly by sepsis. Excluding early deaths would therefore magnify the effect of the intervention on the remaining deaths in the later neonatal period. The magnitude of reduction in neonatal mortality reported in the individual studies (20 to 38%)^[@bib9],\ [@bib10],\ [@bib11]^ actually refers to the deaths that happened after the first 1 or 2 days of life and not the overall NMR. About one half of all neonatal deaths occur in the first 2 days of life.^[@bib29]^

Third, there is little evidence on the safety of chlorhexidine application in neonates, particularly in preterm infants. None of the studies evaluated the effect of the intervention on long-term neurodevelopmental outcomes. There is a paucity of data on the absorption of chlorhexidine from the cord or skin in neonates. The reviews that measured serum levels following whole-body chlorhexidine application concluded that some percutaneous absorption occurs in preterm neonates.^[@bib30],\ [@bib31]^ Even though the risk of absorption is low with cord application(s), it cannot be completely ruled out.

Implications for policy makers
------------------------------

The aforementioned pitfalls indicate that the risk-benefit ratio of the intervention is likely to vary for infants born in different settings. Given that chlorhexidine application reduces the NMR by about 15%, policy makers and other stakeholders from high-NMR settings are likely to give a high value to the intervention even in the absence of data on safety outcomes. On the other hand, those from low-NMR settings (\<30 per 1000 live births) and/or settings with high rates of institutional births are likely to be skeptical given the lack of evidence for efficacy and safety of the intervention in their circumstances.

Implications for researchers
----------------------------

There is an urgent need to evaluate the effect of chlorhexidine application in low-NMR settings, and in institutional births in high-NMR settings. Two ongoing trials in Africa may provide the necessary evidence for this region.^[@bib14],\ [@bib29]^ They should also help the understanding of regional differences, if any, in the efficacy of the intervention. Given that the intervention could potentially reduce the incidence of culture-positive sepsis in hospital-born infants, there is a need for large multi-center trials that evaluate the effect of cord chlorhexidine application in facility births. Future research should also examine the optimal frequency of chlorhexidine application in high-NMR settings. In the present review, multiple chlorhexidine applications were found to reduce the NMR, while a single application did not show any significant benefit. However, one trial with a small sample size examined the effect of a single application whereas three studies evaluated the efficacy of multiple applications. There is also a need to carefully document the safety outcomes of chlorhexidine cord application when it is implemented on a larger scale.

Strengths and weaknesses
------------------------

We have attempted to synthesize and update the evidence on chlorhexidine cleansing of the umbilical cord, one of the few interventions that has shown an impact on neonatal mortality in recent times. We used a rigorous methodology that minimizes the risk of bias in the analysis to provide the 'true\' estimate of the effect of the intervention. As we did not have information on outcomes of infants who were lost to follow-up, the method of analysis might not qualify as ITT. The alternative approaches in such a scenario are to impute values making assumptions about the final outcomes or to use the 'available case analysis\'. Considering the problems associated with the former method, the Cochrane handbook recommends the latter approach.^[@bib17]^

The present review has many limitations. First, we did not use the RRs adjusted for all potential confounders in the pooled analysis, as we could not obtain this information from the study investigators. Similarly, we had to use the RRs of omphalitis obtained by non-ITT analysis rather than that by ITT. Consequently, the pooled effect sizes of both NMR and omphalitis are likely to be an overestimate of the real effect. Second, we were unable to ascertain the effect of the intervention in pre-specified sub-groups such as unhygienic cord care practices compared with dry cord care as well as high-NMR compared with low-NMR settings due to lack of adequate information. This analysis could have helped identify the group of neonates who are more likely to benefit from the intervention. Third, we combined the data of the two intervention groups---multiple and single applications of chlorhexidine---in the study from Bangladesh^[@bib10]^ and then used it in the pooled analysis for the secondary outcome, time to separation of cord. This method could have resulted in spuriously narrow CIs and consequently more weight for this study. However, this was inevitable given the nature of the interventions used in the study.

Conclusions
===========

Chlorhexidine application to the cord reduces the risk of neonatal mortality and omphalitis in infants born at home in high-NMR settings. Therefore, routine chlorhexidine application, preferably daily for 7 to 10 days after birth, is recommended in these infants. There is presently insufficient evidence for recommending this intervention in infants born in health facilities and/or low-NMR settings.
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![Effect of chlorhexidine application to umbilical cord on NMR. Note: 'I-V Overall\' refers to the estimate by FE model while 'D+L Overall\' refers to the pooled estimate by RE model. ES, effect size; FE, fixed effects; ID, identification; NMR, neonatal mortality rate; RE, random effects.](jp201628f2){#fig2}

![Effect of chlorhexidine application to umbilical cord on omphalitis. Note: 'I-V Overall\' refers to the estimate by FE model while 'D+L Overall\' refers to the pooled estimate by RE model. ES, effect size; FE, fixed effects; ID, identification; RE, random effects.](jp201628f3){#fig3}

![Effect of chlorhexidine application on time to cord separation. Note: 'I-V Overall\' refers to the estimate by FE model while 'D+L Overall\' refers to the pooled estimate by RE model. ES, effect size; FE, fixed effects; ID, identification; RE, random effects.](jp201628f4){#fig4}

###### Study characteristics

  *Study author, year, country*                                *Setting/place of birth/NMR of control group*[a](#t1-fn2){ref-type="fn"} *(per 1000 LBs)*             *Study design*                                                                                *Study population/% preterm/LBW*                                                                                        *Prevalence of unhygienic cord practices in control group*                                                                                                                 *Intervention groups*                                                                                                                                              *Outcome parameters of interest*                                                                                                                                       *Comments*
  ----------------------------------------------------------- ------------------------------------------------------------------------------------------- ------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Arifeen, 2012,^[@bib10]^ Bangladesh                                                    Community/\~93% home deliveries/35.3                                         Cluster RCT                       All live-born babies born in rural Bangladesh who were alive at first home visit and seen within 7 days of birth; *N*= 29 760; 21% preterm, \~30% LBW            7% prevalence of unclean cord cutting; 3% prevalence of unclean applications at birth, 6% at FU                 4% chlorhexidine; Group 1: Single application as soon as possible after birth Group 2: Multiple, i.e. 7 applications in first 10 days of life Group 3: Control (dry cord care)                                          All-cause mortality in first 28 days of life; omphalitis; time to cord separation                                                             The results of the two intervention groups (single and multiple) were combined for the purpose of this review
  Soofi, 2012,^[@bib11]^ Pakistan                                                        Community/all delivered at home/36.2                              Cluster RCT; 2\*2 factorial design                       All newborns delivered at home by participating TBAs; excluded cord anomalies; *N*=9741; gestation/birth weight not available                                             90% households applied traditional substances to cord                          4% chlorhexidine: applied once daily for 14 days 4 intervention arms: Group A: Hand washing plus chlorhexidine Group B: Hand washing only Group C: Chlorhexidine only Group D: Control (dry cord care)                              All-cause mortality in first 28 days of life; omphalitis; time to cord separation                                                      Since there was no interaction between the 2 interventions, the results of marginal analysis (any CHx vs no CHx) were used
  Mullany, 2006,^[@bib9],\ [@bib24]^ Nepal                                               Community/\~92% home deliveries/34.2                                         Cluster RCT                               All live-born babies born in rural Nepal who were alive at first home visit and seen within 10 days of birth; *N*=15 123; 29%--30% LBW                                 Up to 54% prevalence of unclean applications to cord (mustard oil)                  4% chlorhexidine; Group 1: Application of chlorhexidine on at least 7 days in the first 10 days of life Group 2: Soap and water cleansing of the cord at similar intervals Group 3: Control (dry cord care)                           All-cause mortality in first 28 days of life; omphalitis; time to cord separation                                               The study was nested within another trial of the effect of newborn whole body cleansing with 0.25% chlorhexidine immediately after birth
  Herlihy, 2012,^[@bib21],\ [@bib22]^ Zambia                                                     Community/not known/                                                 Cluster RCT               All live-born babies delivered to mothers aged 15 years and above, met in the second or third trimester and willing to provide cord care as per the protocol, *N*=3746                                              Not known                                                                          4% chlorhexidine Group 1: Application of 4% chlorhexidine once a day from birth until 3 days after cord separation Group 2: Control (dry cord care)                                                       All-cause mortality in first 28 days of life; omphalitis; time to cord separation                           The study (estimated total sample size of 85 140 infants) has been completed, although only the abstract describing the outcome of time to cord separation is available^[@bib22]^
  Kapellen, 2009,^[@bib20]^ Germany                                                        Hospital based/hospital/not known                                              RCT                                                           Term normal birth weight neonates within the first 36 hours of life; *N*=669; all term                                                                                    Not available                                                                                                            Chlorhexidine powder application to umbilical cord with every diaper change                                                                                                                  Omphalitis; time to cord separation                                                                                                                 Incomplete outcome data on time to cord separation
  Gathwala, 2013,^[@bib15]^ & Sharma, 2013,^[@bib16]^ India                                  Hospital based/hospital/57.1                                                 RCT                                                              Newborns with gestational age \>32 weeks and birth weight \>1500 grams, *N*=140                                                                                        Not available                                                                                                          2.5% chlorhexidine application 3 times daily until 3 days after cord separation                                                                 Time to cord separation, neonatal sepsis (culture positive, probable and meningitis), omphalitis and all-cause neonatal mortality                                                                    Results were published in 2 different journals

Abbreviations: CHx, chlorhexidine; ENMR, early neonatal mortality; FU, follow-up; LB, live births; LBW, live birth weight; NMR, neonatal mortality rate; RCT, randomized controlled trial; TBA, traditional birth attendant.

Outcomes relevant to this systematic review.

###### Risk of bias in included studies

  *Study author, year, country*                                   *Allocation concealment*     *Blinding of intervention*   *Blinding of outcome assessment*[a](#t2-fn2){ref-type="fn"}       *Loss to follow-up \<10%*              *ITT analysis*
  ------------------------------------------------------------ ------------------------------ ---------------------------- ------------------------------------------------------------- ----------------------------------- -------------------------------
  Arifeen, 2012,^[@bib10]^ Bangladesh                           Not applicable (cluster RCT)               No                                           No                                No \~21% loss after randomization   No[b](#t2-fn3){ref-type="fn"}
  Soofi, 2012,^[@bib11]^ Pakistan                               Not applicable (cluster RCT)               No                                         Unclear                             No \~18% loss after randomization   No[b](#t2-fn3){ref-type="fn"}
  Mullany, 2006,^[@bib9]^ Nepal                                 Not applicable (cluster RCT)               No                                           No                                Yes \~4% loss after randomization   No[b](#t2-fn3){ref-type="fn"}
  Herlihy, 2012,^[@bib22]^ Zambia[c](#t2-fn4){ref-type="fn"}    Not applicable (cluster RCT)               No                                           No                                            Not known                         Not known
  Kapellen, 2009,^[@bib20]^ Germany                                       Unclear                          No                                   No (for omphalitis)                          No 13.6% loss to follow-up                  Unclear
  Gathwala, 2013,^[@bib16]^ India                                  Yes (sealed envelopes)                  No                                           Yes                                   Yes 0% loss to follow-up                     Yes

Abbreviations: ITT, intention-to-treat; NMR, neonatal mortality rate; RCT, randomized controlled trial.

For the primary outcome (NMR), unless specified otherwise.

The results reported by the study investigators.

Data obtained from <http://clinicaltrials.gov>.

###### Data used in the ITT analysis of the primary outcome (NMR)

  *Variable*                                                     *Arifeen 2012*^[@bib10]^   *Soofi 2012*^[@bib11]^   *Mullany 2006*^[@bib9]^                                                    
  -------------------------------------------------------------- -------------------------- ------------------------ --------------------------------- --------------------------------- ------ ------
  Total live births in clusters                                  23 886                     12 022                   5121[a](#t3-fn3){ref-type="fn"}   5176[a](#t3-fn3){ref-type="fn"}   5168   5317
  Total loss to follow-up (i.e., 28-day outcome not available)   1015                       437                      267                               310                               51     48
  Total infants with 28-day outcome available                    22 871                     11 585                   4854                              4866                              5117   5269
  Total deaths                                                   758                        409                      111                               176                               137    180
  Unadjusted RR (95% CI)                                         0.94 (0.83--1.06)          0.63 (0.50--0.80)        0.78 (0.63--0.98)                                                          
  Design effect[b](#t3-fn4){ref-type="fn"}                       1.36                       1.75                     1.1                                                                        
  *RR adjusted for cluster design (95% CI)*                      0.94 (0.82--1.08)          0.63 (0.46--0.85)        0.78 (0.62--0.98)                                                          

Abbreviations: CI, confidence interval; ITT, intention-to-treat; NMR, neonatal mortality rate; RR, relative risk.

Note: the data were obtained from the trial flow of the individual studies as they did not include all the infants who were randomized. They included only those who were met by the study team in first 7 to 10 days of life (see Results section). For ITT analysis, data of all randomized infants are included.

Home births in the study clusters.

Design effect was provided in the study results for Arifeen^[@bib10]^ and Mullany;^[@bib9]^ we estimated the same for Soofi.^[@bib11]^
